In aerospace and biomedical fields, selecting the optimum materials for applications of micropumps and microvalves in micro-electromechanical systems (MEMS), miniature systems and energy storage devices has been a key issue in the past few decades. [1] [2] [3] [4] [5] [6] NiTibased shape memory films have been considered as one of the most promising candidates due to their high power output per volume, large actuation strain and high damping capacity. 7 For many micro-actuators, a narrow hysteresis is essential to improve the efficiency of actuation, whereas for energy storage devices a wide hysteresis is required. Therefore, much attention has been paid to developing NiTi-based films with a tailorable thermal hysteresis. 8, 9 So far two alloying methods have been suggested effective: (1) adding a third or fourth soluble element, such as Cu and Pd, into the NiTi film to obtain improved geometric compatibility between martensite and austenite; 10, 11, 12 and (2) adding a third element with a limited solubility, such as Ag and W, into NiTi matrix and modulating thermal hysteresis through grain refinement or internal stress around NiTi grains to change the paths of phase transformation. 13, 14 Besides alloying, annealing has been considered as a subsequent tool to tune the hysteresis of alloyed NiTi by changing the grain size, as demonstrated in Ni-Ti-Nb bulk alloys, in which their thermal hysteresis is tuned through changing the grain size by adjusting the annealing temperature. 15 However, the grain size dependence of hysteresis in the Ni-Ti-Nb thin films is barely investigated to date. The phase transformation and physical properties of Ni-Ti-Nb thin films might be different from their bulk counterparts for several reasons. 1 Firstly, the crystallization paths are distinct as the sputtered thin films are crystalized from a non-equilibrium amorphous state on a single crystal substrate whereas the bulk alloys solidify through a near-equilibrium process. This might lead to different textures and grain boundary structures of the materials. Secondly, residual stress and 2D geometry of thin films may supply additional constraints to the nucleation and growth of the martensite, in contrast to bulk alloys where those effects are less significant. The present work is thus focused on manipulating the phase transformation behavior and hysteresis of Ni-Ti-Nb shape memory films by post-deposition annealing, and grain size dependent phase transformation is discussed.
Ni-Ti-Nb films were deposited onto four inch Si (100) wafers at room temperature using a magnetron sputtering system with a Ni 50 Ti 50 (at. %) target and a pure Nb target. The substrates were attached to a holder which was rotated at a speed of ~60 cycles per minute.
Base pressure of the chamber was 2×10 -3 Pa and the work pressure was 0.6 Pa. After deposition, the films were sealed into quartz tubes under high vacuum(<10 -5 Pa) and annealed at 550°C, 575°C, 600°C, 625°C and 650°C for 30 min, respectively. For all the samples, the heating rate was kept at 5°C per minute and natural cooling in the furnace was adapted. The films were 2 μm in thickness and the composition was identified as Ni 41.7 Ti 38.8 Nb 19.5 , measured using electron probe microanalysis (EPMA, JXA-8100). Microstructures were acquired from X-ray diffraction (XRD, SmartLab with a Cu-Kα radiation (λ = 0.15409 nm)) and cross-sectional transmission electron microscopy (TEM, JEM-2100F). The phase transformation behavior was assessed using the four probe electrical resistivity method, by cooling the sample from room temperature down to -270°C using liquid helium. 
Fig. 3 shows the electrical resistance vs temperature (ER-T) curves of the Ni-Ti-Nb film
samples. For the as-deposited sample and the sample annealed at 550°C, a negative temperature coefficient of resistivity (TCR) was obtained, i.e., the electrical resistivity decreases with increasing temperature. This phenomenon has been observed in many nonmagnetic amorphous metals. 18 As the amorphous phase is dominant in these two samples, the mean free path of conducting electrons in the amorphous phase could be dominated by the weak localization effects and enhanced interaction between electrons. 18 The two small "popin"s in the curve of 550°C-annealed sample might be attributed to the relatively large internal stress in the composite of amorphous matrix and nano-size grains. The different extents of contraction between the amorphous matrix and the nano-size grains during cooling result in internal stress, which may lead to local deformation and enhance the scattering. Thus the resistivity is shifted. 19 For the samples annealed at 575°C and 600°C, a positive value of TCR was obtained, i.e., the electrical resistivity increases with increasing temperature. For both the samples, the profiles of resistivity as a function of temperature show a similar trend, i.e., the cooling and heating curves almost overlap each other. The phase transformations can be identified from the increases of resistance during heating and decreases of resistance during cooling, which gradually occurs over a wide temperature range till a low temperature. This also indicates the existence of a near-zero thermal hysteresis in the martensitic transformation occurred in the samples annealed at intermediate temperatures.
FIG. 3 Electrical resistance-temperature(ER-T) curves of the as-deposited
Ni-Ti-Nb thin film and those annealed at 550°C, 575°C, 600°C, 625°C and 650°C, respectively.
The ER-T profiles of the film annealed at higher temperatures of 625°C and 650°C in Fig. 3 show well-defined hysteresis in the heating and cooling curves, which is commonly observed in the bulk NiTiNb shape memory alloys, indicating the generation of a well-defined martensitic phase transformation.
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In order to demonstrate the shape memory effect, a piece of peeled off free-standing film that was annealed at 600°C has been pre-deformed in the liquid nitrogen. The deformed film maintained its shape in the liquid nitrogen after removing the applied force. When taken out of the liquid nitrogen and warmed up in air, the film returned to its original shape immediately. The shape recovery demonstration has been repeated at least three times without any degradation.
Clearly, there are significant differences in the hysteresis between the films annealed at 600°C and 625°C. This can be attributed to the changes in the grain size obtained at different annealing temperatures. Possible reasons are listed below.
Firstly, the thermal hysteresis in the ER-T curves of the shape memory alloy is mainly due to the differences in energy dissipation and release of latent heat during phase transformation upon heating/cooling. It is well known that phase transformations originate from the local reconstructions of a few atoms. 20 When the grain size becomes small enough, large amount of grain boundaries will promote the phase transformation since there are more defects and the phase transformation is more easily to occur there. 20 This would facilitate the martensitic transformation and the reverse transformation, resulting in a narrow thermal hysteresis, as indicated in the overlapped ER-T curves shown in Fig. 3 . 21, 22 Secondly, the thermal hysteresis in the martensitic transformation originates from the friction energy in the interfacial movement during the shear process. Decreasing grain sizes will shorten the movement distance and reduce the energy dissipation. 23 Finally, as the grain size of the NiTi(Nb) domains decreases, the spontaneous lattice distortion is reduced, 24 which means a lower energy barrier between the parent phase and the martensite phase is formed and thus facilitates the phase transformation. 25 In summary, the thermal hysteresis of the Ni 41.7 Ti 38.8 Nb 19.5 thin films is found to be highly dependent on the grain size, which can be controlled through annealing process. The decrease in the grain size of NiTi(Nb) phase results in an increased volume fraction of grain boundaries, which favors the transformation due to their defect nature. The reduction in grain size also reduces the energy dissipation in transformation friction and weakens the lattice distortions, which reduces the energy barriers and facilitates the process of phase 
